Summary 26
Legionella pneumophila requires the Dot/Icm translocation system to replicate in a 27 vacuolar compartment within host cells. Strains lacking the translocated substrate SdhA form a 28 permeable vacuole during residence in the host cell, exposing bacteria to the host cytoplasm. In 29 primary macrophages, mutants are defective for intracellular growth, with a pyroptotic cell death 30 response mounted due to bacterial exposure to the cytosol. To understand how SdhA maintains 31 vacuole integrity during intracellular growth, we performed high-throughput RNAi screens 32 against host membrane trafficking genes to identify factors that antagonize vacuole integrity in 33 the absence of SdhA. Depletion of host proteins involved in endocytic uptake and recycling 34 resulted in enhanced intracellular growth and lower levels of permeable vacuoles surrounding the 35
DsdhA mutant. Of interest were three different Rab GTPases involved in these processes: 36
Rab11b, Rab8b and Rab5 isoforms, that when depleted resulted in enhanced vacuole integrity 37 surrounding the sdhA mutant. Proteins regulated by these Rabs are responsible for interfering 38 with proper vacuole membrane maintenance, as depletion of the downstream effectors EEA1, 39
Rab11FIP1, or VAMP3 rescued vacuole integrity and intracellular growth of the sdhA mutant. 40 To test the model that specific vesicular components associated with these effectors could act to 41 destabilize the replication vacuole, EEA1 and Rab11FIP1 showed enhanced colocalization with 42 the vacuole surrounding the sdhA mutant compared with the WT vacuole. Depletion of Rab5 43 isoforms or Rab11b reduced this aberrant colocalization. These findings are consistent with 44 3 Introduction 5 host membrane trafficking pathways. Using high throughput screening strategies, we identified 95 specific endocytic and recycling Rab GTPase isoforms and their downstream effectors as playing 96 a role in vacuole disruption resulting from challenge with the ∆sdhA strain. The similarity 97
between Legionella and Shigella interactions with a common endocytic-recycling pathway 98 provides an example of how a host process can either promote or interfere with pathogen 99 replication, depending on the strategy used for intracellular growth. To identify host membrane trafficking pathways that interfere with growth of the L. 105 pneumophila ∆sdhA mutant, we carried out a screen using an siRNA library targeting genes 106 known to participate in membrane trafficking and remodeling. RAW 264.7 macrophages are 107 known to be defective in the activation of pyroptosis and clearance in response to cytoplasmic 108 exposure of L. pneumophila pattern recognition molecules, so growth of the mutant could be 109 followed without premature host cell death downstream of cytoplasmic bacterial exposure 110 (Pelegrin et al., 2008) . This allowed subtle differences in intracellular growth to be detected. 111 RAW 264.7 macrophages were seeded in 96-well plates and transfected with an arrayed siRNA 112 library against 112 mouse genes involved in membrane trafficking ( Supplemental Tables 1 and  113 2). Each well contained 4-pooled siRNAs per gene target and each plate contained 6 non-114 targeting siRNA control wells. After 48 hours of transfection, cells were challenged with a 115 ∆sdhA Lux + strain and luminescence was measured as a proxy for intracellular growth, 116 performing the assay in at least triplicate samples for each gene target (Figure 1A) . Candidates 117 6 were identified by comparing the luminescence from each siRNA-treated well to the average 118 luminescence of the non-targeting siRNA controls. The median absolute deviation score 119 (ZMAD) was then determined for each gene target. We focused our analysis on early time points 120 12hpi and 24hpi, becaise siRNA knockdown effects diminish after 72 hours of transfection, to 121 identify candidates that stimulate ∆sdhA intracellular growth after depletion. 122
A total of 20 genes were identified as hits in the siRNA screen based on increased 123 intracellular growth relative to the nontargeting siRNA controls with a cutoff of ZMAD ≥ 1.5. 124
Candidate genes spanned functional roles in endocytosis, endocytic recycling, and exocytosis 125 (Figure 2A) . Hits included arrestin subtypes (ARRB1 & ARRB2), clathrin heavy chain (CLTC), 126 regulators of actin cytoskeleton (ROCK1, CDC42, DNM2, ARFIP2, WASF1, VAV2), E3 127 ubiquitin ligase (NEDD4L), phosphoinositide kinase (PI3K), components of vesicle fusion 128 (VAMP1 & SYT1), and specific Rab GTPase isoforms (RAB3D, RAB4B, RAB5B, RAB5C, 129 7 secondary screen using a direct assay for vacuole integrity in bone marrow-derived macrophages 141 (BMDM) from the mouse. The secondary screen took advantage of a fluorescence readout we 142 previously described to detect disrupted ∆sdhA vacuoles in knockdown macrophages combined 143 with shRNA knockdown in these primary cells (Creasey & Isberg, 2012) . Terminally 144 differentiated BMDMs were used to facilitate microscopic readout, and to avoid the 145 complication of having a portion of the cells in S phase, which results in a high proportion of Table 2 ). Lentivirus encoding sh-LacZ was used as a control. After 150 allowing differentiation and 6 days knockdown, BMDMs were challenged in triplicate with the 151 ∆sdhA strain for 6 hours, fixed and probed for permeable vacuoles using the antibody 152 accessibility assay (Creasey & Isberg, 2012) . After capturing multiple images per well and 153 subjecting them to image analysis to quantitate permeable vacuoles, shRNAs that increased the 154 integrity of the ∆sdhA vacuole relative to the shRNA-LacZ negative control were identified 155 ( Figure 2B) . 156
In this fashion, eight shRNAs were identified that significantly reduced the number of 157 permeable ∆sdhA vacuoles detected in macrophages (Table 1 , t test, P = 0.0048-0.0346). The 158 candidate genes included five members of the Rab family of GTPases that are associated with 159 endocytic recycling, as well as ROCK1, and SYT1. Of this set, Rab5b, Rab11b, and Rab8b were 160 of particular interest due to their robust phenotype and their tight association with recycling, 161 based on STRING analysis (Franceschini et al., 2013) . Strikingly, two hits from the screen were 162 shRNAs directed against Rab11b (Table 1) , so this result was pursued further. Using the same 163 screening procedures as described above, we performed a lentiviral shRNA library screen against 164 gene targets related to Rab11 (Figure 2C) . These gene targets included Rab11 guanine exchange 165 factors (SH3BP5 & TRAPPC2L), motor proteins (MYO5B, KIF5A, KIF5B, KIF13A), adaptor 166 protein (ZFYVE27), components of the exocyst complex (EXOC1-8), and downstream family interacting proteins (RAB11FIP1-5) ( Supplemental Table 3 nucleofected with siRNAs against individual Rab isoforms and knockdown efficiency was 186 9 determined by immunoblot (Figure 3) . Individual or group depletion of Rab5a, Rab5b, or Rab5c 187 resulted in enhanced vacuole integrity in BMDM challenged with L. pneumophila ∆sdhA 188 ( Figure 3A) . Furthermore, each individual knockdown resulted in enhanced intracellular growth 189 of the ∆sdhA strain. In particular, initiation of intracellular replication was clearly revived in a 190 subset of cells treated with the siRNA, although it was clear that growth restoration was far from 191 complete ( Figure 3B ). This result was consistent with our previous experiments showing that 192 increasing vacuole integrity in the absence of SdhA function only allows partial restoration of 193 intracellular growth (Creasey & Isberg, 2012) . 194
We next tested the effects on BMDMs that were treated with siRNA against EEA1, a 195
Rab5 effector involved in promoting early endosome vesicle tethering, to determine if depletion 196 of a well characterized target of Rab5 could have similar effects (Christoforidis et al., 1999) . 197
Depletion of EEA1 in BMDM with an siRNA pool showed lowered steady state levels of the 198 protein that were accompanied by a decrease in the number of cytosol-exposed L. pneumophila 199 ∆sdhA after 6 hr. infection ( Figure 3C The number of EEA1 colocalization events increased significantly at the ∆sdhA vacuole 214 compared to the WT vacuole ( Fig. 4A,B) , consistent with EEA1 function playing a role in 215 vacuole destabilization ( Fig. 3C ). Furthermore, this phenotype was rescued by introduction of a 216 plasmid encoding SdhA in the L. pneumophila ∆sdhA mutant (Figure 4B Similarly, only siRNA treatment directed against Rab11b resulted in an increase in the bacterial 241 yield of the ∆sdhA mutant within LCVs, arguing that the effects are highly isoform-specific 242 ( Figure 5B ). Similar to the results with Rab5 and other strategies that increase the integrity of 243 the ∆sdhA mutant-containing LCV, the stimulation of growth was relatively limited (Creasey & 244 Isberg, 2012) . 245
From the secondary shRNA screen in BMDMs, we found that silencing Rab11 Based on these findings, we expect that membrane material driven by these GTPases will 266 be closely associated with the ∆sdhA LCV, contributing to vacuole disruption. In the presence of 267
SdhA function, in contrast, access to these compartments should be limited. To this end, the 268 localization of the Rab11 effector FIP1 was analyzed, using the same assay employed to detect 269 EEA1 localization (Figure 4) . BMDM challenged for 4 hrs with either the WT or ∆sdhA strain 270 were fixed and probed for vacuole permeability and association of Rab11FIP1 with the LCV was 271 determined (Figure 7) . Antibody against Rab11FIP1 labeled distinct puncta dispersed In this study, screens were performed that identified host membrane trafficking factors 284 responsible for causing vacuole disruption and interfering with intracellular growth of an L. 285 pneumophila ∆sdhA strain. We initially used a luciferase reporter assay to positively select for 286 siRNA-depleted cells that showed increased intracellular growth of the mutant strain. Overall, 20 287 candidate genes were identified after screening 112 genes. To demonstrate specificity for 288 knockdowns that result in increased LCV integrity relative to that observed in bone marrow-289 derived macrophages (BMDMs), we turned to high-throughput microscopy analysis to identify 290 factors specifically involved in antagonizing vacuole integrity of the L. pneumophila ∆sdhA 291 mutant. From a primary shRNA screen introduced into BMDMs by lentivirus, we identified 8 292 candidate genes, with the majority being Rab GTPases involved in endocytic and membrane-293 recycling. Genes of particular interest were Rab5, Rab8, and Rab11. Strikingly, Rab11a had been 294 previously shown to regulate vacuole rupture as an early event that supports intracellular growth 295 of Shigella after uptake into cultured cells (Mellouk et al., 2014; Weiner et al., 2016) . This raises 296 the possibility that trafficking events that support intracellular growth of a cytosolic pathogen (S. 297 14 flexneri) interfere with the biogenesis of the membrane surrounding an intravacuolar organism 298
Validation of screen hits revealed that rescue of ∆sdhA vacuole integrity and growth was 300 specific to depletion of individual isoforms. One exception to this observation was silencing 301 Rab5a, Rab5b, or Rab5c, in which we found that individual depletion of each isoform was 302 sufficient to reduce vacuole disruption ( Figure 3A) . This phenotype is consistent with previous 303 studies demonstrating that the three isoforms localize to the same endocytic compartment and 304 cooperatively regulate endocytic events (Bucci et al., 1995) . Depletion of all three isoforms 305 rescued the ∆sdhA phenotype to a similar degree as the depletion of individual isoforms, 306
indicating that the isoforms function collectively rather than separately during trafficking. 307
In contrast to the situation with the Rab5 isoforms, specific silencing of Rab11b, but not 308
Rab11a, enhanced the integrity of the ∆sdhA vacuole (Figure 5A) . Furthermore, knockdown of 309 both Rab11 isoforms produced a similar phenotype as individual knockdown of Rab11b, 310 confirming that only Rab11b is required for ∆sdhA vacuole disruption. It has been shown in 311 other cell types that these two isoforms can localize to distinct compartments within the cell, 312
which suggests a division of function between the two isoforms that is linked to their association 313 with different compartments (Kelly et al., 2012; Lapierre et al., 2003) . Of particular note in this 314 regard is that the Rab11a isoform specifically supports growth of S. flextneri. The isoform 315 differences between the two pathogens may reflect spatial and temporal differences in the 316 biogenesis and degradation of the bacterium-containing compartments. After uptake into host 317 cells, depletion of Rab11a interferes with degradation of the Shigella-containing vacuole, while 318
Rab11b has no documented effect. As degradation of the Shigella-containing vacuole occurs 319 shortly after bacterial uptake at the periphery of cells, Rab11a may drive compartment 320 destabilization in this region. In contrast, Legionella vacuole degradation occurs hours after 321 infection, allowing access to perinuclear regions that could allow an interface with Rab11b-322 containing compartments. 323
A similar phenomenon was discovered when individual Rab8 isoforms were depleted in 324 primary macrophages. Silencing of Rab8b, but not Rab8a, increased the stability of vacuoles 325 harboring the ∆sdhA strain and resulted in enhanced growth for the mutant (Figure 6A) . Very 326 little is known about the difference between the two Rab8 isoforms, although it is postulated that 327 they function in both distinct and as well as overlapping compartments in various cell types 328 (Figure 3C,5C) . We also found that depletion of VAMP3, a 338 downstream regulator fusion events controlled by both Rab8b and Rab11b, could result in an 339 increased number of intact vacuoles harboring the ∆sdhA strain ( Figure 6C) (Banerjee et al., 340 2017; Finetti et al., 2015; Wilcke et al., 2000) . VAMP3 is SNARE protein that drives membrane 341 fusion, thus pointing to a model in which disruption of membrane integrity is a consequence of 342 fusion with a compartment that destabilizes the LCV (Hu et al., 2007) . 343
The effectors implicated in vacuole destabilization are consistent with their defining 344 either two different types of compartments that can destabilize the LCV or identifying distinct 345 steps in the destabilization process. We found that depletion of Rab5 isoforms or Rab11b 346 decreased the percentage of EEA1 and Rab11FIP1 localization at the ∆sdhA vacuole, 347 respectively. EEA1 is involved in tethering Rab5-positive endosomes to membranes enriched in 348 PI(3)P while Rab11FIP1 is known to be involved in docking recycling vesicles to membranes 349 enriched in PI(3,4,5,)P 3 (Christoforidis et al., 1999; Lindsay & McCaffrey, 2004) . Therefore, the 350 nature of the lipid components could define different compartments, or these proteins could 351 define tethering (EEA1), docking (Rab11Fip1), and fusion (Vamp3) events. Consistent with 352 either model, we found that EEA1 and Rab11FIP1 localized to the ∆sdhA-containing vacuole at 353 a higher frequency compared to the WT-containing vacuole, indicating that they may play a 354 direct role in destabilizing the vacuole harboring the mutant (Figure 4, 7) . One of the striking 355
properties of the LCV is that is appears to be walled off from the host early endosomal Alternatively, if a variety of membrane compartments can destabilize the LCV, probing for 364 these two proteins will not capture the total spectrum of disruptive compartments. Of note is the 365 possibility that the increased frequency of EEA1 and Rab11FIP1 at the ∆sdhA vacuole compared 366 to WT identifies a phospholipid motif that signals for self-destruction of the compartment by a 367 number of membrane trafficking events. Consistent with the formation of a unique lipid 368 environment in response to the sdhA mutant, the compartment is particularly sensitive to the 369 action of the L. pneumophila lysophospholipase PlaA. (Creasey & Isberg, 2012) . Presumably, 370 lipids are found on this vacuole that are missing from the WT, in turn serving as substrates for 371
PlaA. 372
Not considered here is the possibility that cargo being delivered to the ∆sdhA vacuole 2016). Therefore, an event that for one pathogen is toxic, for another is an essential step in the 382 biogenesis process leading to intracellular growth. 383
Altogether, this study describes a genetic screen that identified a specific set of host 384 factors that are required for ∆sdhA vacuole disruption. Future studies should elucidate the exact 385 mechanism by which these proteins facilitate vacuole disruption and the nature of the cargo 386 being delivered to the vacuole that destabilizes the vacuole. 
Experimental Procedures 391

Bacterial culture and media 392
All Legionella pneumophila strains used in this study are derived from the Philadelphia 1 393 isolate and are described in Table 2 (Berger & Isberg, 1993) . Luminescent L. pneumophila was 394 constructed using P ahpC ::luxCDABE as previously described ( Red-free RPMI media containing 10% FBS. Relative light units (RLU) of each well were 431 measured every 12 hours in a Tecan M200 Pro plate reader. A total of 8 plates were screened to 432 collect at least three replicate measurements for each gene target. RLU from each experimental 433 well was normalized to the average RLU of the negative control wells on the same plate. Using 434 normalized data, Z MAD scores (equivalent the number of median absolute deviations (MAD) 435 20 from the median) were calculated for each experimental siRNA target and were used for 436 selection of hits (Chung et al., 2008) . The classification of the scale of the siRNA effects based 437 on the ZMAD score was defined as follow: | ZMAD | ≥ 2 for extremely strong RLU, 2 > | 438 ZMAD | ≥ 1.5 for very strong RLU, 1.5 > | ZMAD | ≥ 1 for strong RLU, 1 > | ZMAD | ≥ 0.5 439 for moderately strong RLU, 0.5 > | ZMAD | ≥ 0 for no effect, 0 > | ZMAD | ≥ -0.5 for 440 moderately weak RLU, -0.5 > | ZMAD | ≥ -1 for weak RLU, -1 > | ZMAD | ≥ -1.5 for very 441 weak RLU, -1.5 > | ZMAD | for extremely weak RLU. Only siRNAs that had a ZMAD of ≥ 1.5 442 were considered of interest for further analysis in the secondary shRNA library screen, as 443 described next. transduction was initiated by centrifugation at 2200 rpm at 37°C for 20 minutes. On day 5, 458 conditioned medium was replaced to reduce cell cytotoxicity. On day 6, transductants were 459 selected in conditioned medium containing 3µg/mL puromycin. On day 8, the supernatants were 460 removed and replaced with puromycin-free conditioned medium to recover transduced clones. 461
On day 10, the cultured medium was changed to RPMI containing 10% FBS. Terminally 462 differentiated macrophage transductants were challenged with L. pneumophila ∆sdhA at MOI = 1 463 for 1 hr, followed by removal of extracellular bacteria by washing in PBS. After 6 hours, 464 infected macrophages were fixed with 4% (vol/vol) paraformaldehyde in PBS and disrupted 465 vacuoles were stained as described in "Vacuole Integrity & Intracellular Replication Assay." The 466 screen was performed on triplicate shRNA library and plates were stored in PBS at 4°C until 467
analysis. 468
After fixation and staining, images of each well were captured using ImageXpress 469 For detection of L. pneumophila disrupted vacuoles, nucleofected BMDMs were 525 incubated with rabbit anti-L. pneumophila antisera (1:20,000) for 1h at 37°C in PBS containing 526 4% BSA followed by anti-rabbit IgG Alex Fluor 488 (Invitrogen, 1:500) for 1h at 37°C in PBS 527 containing 4% BSA. After washing three times in room temperature PBS, cells were 528 permeabilized with ice-cold methanol for 20 seconds, blocked in PBS containing 4% BSA for 25 529 minutes at room temperature, and incubated again with L. pneumophila antisera (1:20,000) in 530 PBS containing 4% BSA for 1h at 37°C, followed by anti-rabbit IgG Alex Fluor 594 (Invitrogen, 531 1:500) for 1h at 37°C in PBS containing 4% BSA. Disrupted vacuoles were identified by the 532 simultaneous staining of bacteria with both Alexa Fluor 488 (bacteria detected prior to 533 permeabilization) and Alexa Fluor 594 (bacteria detected after permeabilization) antibodies by 534 fluorescence microscopy. For analysis of L. pneumophila intracellular replication at a single-cell 535 level, nucleofected BMDMs were permeabilized with ice-cold methanol for 20 seconds, blocked 536 in 4% BSA for 25 minutes at room temperature, and then incubated with anti-L. pneumophila 537 sera (1:20,000) for 1h at 37°C, followed by anti-rabbit IgG Alex Fluor 488 (1:500) for 1h at 538 37°C. The number of bacteria contained in each vacuole was quantified by fluorescence 539 microscopy (Creasey & Isberg, 2012 progenitors were seeded in 96-well plates and incubated in differentiation medium for 4 days. 776
Cells were transduced with shRNAs targeting genes identified in the siRNA screen (A). 777
Transductants were selected by puromycin treatment for 2 days and recovered by further 778 incubation in puromycin-free medium. Terminally differentiated BMDM transductants were 779 challenged with ∆sdhA for 6h. Plates were fixed and stained for cytosol-detected L.p. and total 780 L.p.. High content imaging was performed with 20X objective and percent of cytosol-detected 781 bacteria for each well was measured by image analysis. derived macrophages were nucleofected with noted siRNAs. Knockdown efficiency was 805 assessed by immunoblots with noted antibodies (left panels). Nucleofected macrophages were 806 challenged with either WT or ∆sdhA Legionella, fixed at 6hpi, and immunostained to determine 807 cytosol exposure. Percent of cytosol-detected bacteria was quantified, as described 808 After BMDM were challenged for 14 h., the cells were fixed and probed to determine yield of 810 bacteria in each macrophage. Number of bacteria per vacuole were quantified microscopically, 811 and binned into 4 groups, displaying the binned vacuole size based on the graph legend 812 
